Introduction {#sec1}
============

WNT signaling is involved in multiple processes during early development, including the maintenance and/or proliferation of stem and progenitor populations, cell fate specification, segmentation, and dorsal-ventral patterning ([@bib22]). During gastrulation in the mouse, WNT signaling plays a critical role in the generation of mesoderm, with *Wnt3*-null embryos failing to form a primitive streak ([@bib21]), the structure from which hematopoietic progenitors and all other mesodermal and endodermal lineages emerge ([@bib15]).

The role of WNT signaling has also been examined at later stages of hematopoietic development. Mouse knockout studies indicate that WNT3A is required for the maintenance of long-term hematopoietic stem cell (HSC) and multipotent progenitors and that WNT3A is the critical ligand that activates canonical WNT signaling in fetal liver HSCs ([@bib23]). These findings are in agreement with earlier work suggesting WNT3A can preserve the immature phenotype of HSCs in vitro or can induce stem cell characteristics in hematopoietic progenitors ([@bib25]). Indeed, recent studies utilizing mice carrying hypomorphic alleles of the *Apc* gene, which binds the WNT signaling intermediate, β-catenin, showed that WNT levels regulate HSCs as well as myeloid and T lymphoid progenitors ([@bib24]). These investigators determined that increasing levels of WNT signaling enhanced T cell differentiation and eventually depleted HSCs due to reduced self-renewal ([@bib24]).

Although difficult to study in vivo, the critical early stages of hematopoietic lineage commitment and development can be modeled in vitro using embryonic stem cell (ESC) differentiation. Studies have confirmed that WNT signaling is required for mesoderm formation from differentiating ESCs and for the subsequent emergence of hematopoietic progenitors from mouse ([@bib1]; [@bib7]; [@bib11]; [@bib16]; [@bib17]; [@bib20]; [@bib29]; [@bib31]) and human ([@bib28]; [@bib35]; [@bib40]; [@bib43]; [@bib44]) ESCs.

The literature cited above underscores the requirement for WNT signaling at different points during the genesis of the hematopoietic system. However, many prior differentiation studies included either stromal layers or undefined media components ([@bib1]; [@bib7]; [@bib16]; [@bib20]; [@bib40]; [@bib44]), raising the possibility that some of the observed effects of WNTs resulted from complex interactions with unknown factors. To address this issue, we developed a defined medium (APEL) that allows the activity of exogenously added factors to be assessed free from the influence of uncharacterized media components, including bovine serum albumin (BSA), knockout serum replacer (KOSR), or serum ([@bib30]).

In this study, we employed APEL-based differentiation to assess the contribution of WNT signaling to hematopoietic development from human embryonic stem cells. Although mesoderm formation was dependent upon WNT signals, WNT3A alone was an inefficient inducer of mesoderm. However, WNT3A synergized strongly with BMP4 to generate MIXL1^+^ mesoderm from which hematopoietic blast colonies were generated in semisolid media. Surprisingly, the inclusion of WNT3A in the methylcellulose abrogated blast colony development and led instead to the formation of mesenchymal colonies, denoted mesospheres. These studies highlight the importance of the timing of growth factor exposure during development and show how WNT signaling during different temporal windows promotes either hematopoietic or mesenchymal differentiation.

Results {#sec2}
=======

We examined the role of WNT signaling during the differentiation of human ESCs (hESCs) in APEL medium toward hematopoietic cells. To evaluate the role of WNT during mesoderm formation, hESCs were differentiated as spin embryoid bodies (EBs) ([@bib30]), supplemented with WNT3A and/or BMP4. To facilitate the analysis, we employed two hESC lines (HES3 *MIXL1*^GFP/w^ and MEL1 *MIXL1*^GFP/w^) in which GFP reports expression of *MIXL1*, a homeobox gene whose expression is restricted to mesoderm and endoderm precursors in the primitive streak ([@bib4]). In contrast to the results of previous studies that employed BSA-, KOSR-, or N2B27-containing media ([@bib7]; [@bib29]; [@bib35]; [@bib43]), we found that WNT3A alone was a poor inducer of mesendoderm, with few cells expressing MIXL1-GFP at day 4 (d4) ([Figures 1](#fig1){ref-type="fig"}A and 1B; [Figures S1](#app3){ref-type="sec"}A and S1B available online). Instead, WNT3A-only-treated EBs resembled those formed in absence of growth factors, with approximately 80% of cells retaining high levels of the undifferentiated hESC/epiblast marker, E-CADHERIN ([Figures 1](#fig1){ref-type="fig"}B, 1C, and [S1](#app3){ref-type="sec"}C). Indeed, transcriptional profiling indicated that EBs formed in WNT3A alone displayed a very similar pattern of gene expression to EBs formed in the absence of growth factors ([Figure S1](#app3){ref-type="sec"}D). Nevertheless, in line with previous data from mouse and human ESC studies ([@bib7]; [@bib11]; [@bib31]; [@bib35]; [@bib43]; [@bib44]), we found that mesoderm induction by BMP4 was not only antagonized by NOGGIN and dependent on NODAL signaling, but was also WNT dependent, since inclusion of either FZD8 or DKK1 significantly reduced MIXL1-GFP expression ([Figures 1](#fig1){ref-type="fig"}D and [S1](#app3){ref-type="sec"}E).

Analysis of d4 EBs revealed a strong synergy between WNT3A and BMP4, with 82% ± 2% of cells treated with both growth factors expressing MIXL1-GFP, compared to 32% ± 5% and 2.5% ± 0.8% GFP^+^ cells in cultures treated with 10 ng/ml of BMP4 alone or 100 ng/ml of WNT3A alone, respectively ([Figure 1](#fig1){ref-type="fig"}C). Induction of MIXL1-GFP was associated with a parallel increase in expression of the primitive streak and early mesoderm marker, platelet-derived growth factor receptor (PDGFR)α ([@bib4]), and a reciprocal reduction in the proportion of E-CADHERIN^+^ cells. Similar responses were observed in both independent MIXL-GFP hESC lines ([Figure S1](#app3){ref-type="sec"}C). Inhibitor studies confirmed that mesoderm induction in hESCs by the combination of WNT3A and BMP4 was also inhibited by antagonists of BMP, NODAL, and WNT signaling ([Figures 1](#fig1){ref-type="fig"}D and [S1](#app3){ref-type="sec"}E). In agreement with this finding, microarray analysis demonstrated that BMP4- or WNT3A/BMP4-induced EBs expressed BMPs, NODAL, and WNT genes ([Figure 1](#fig1){ref-type="fig"}E), consistent with our observations that endogenously produced growth factors in differentiating mouse ESCs provided paracrine or autocrine mesoderm inducing signals ([@bib11]). The increased expression of these genes in WNT3A/BMP4-treated hESCs was explicable by the higher proportion of MIXL1-GFP^+^ cells generated under this condition. Microarray analysis indicated that this subpopulation expressed growth factor genes at the highest levels ([Figure S1](#app3){ref-type="sec"}F).

Previous reports have suggested that WNTs modulate BMP signaling by promoting C-terminal phosphorylation of SMAD1/5, key components of the BMP signal transduction pathway ([@bib6]). Therefore, we compared the phosphorylation of SMAD1/5 in EBs formed in the combination of WNT3A/BMP4 to those differentiated with either factor alone ([Figures 1](#fig1){ref-type="fig"}F and [S1](#app3){ref-type="sec"}G). This analysis confirmed that WNT3A led to SMAD1/5 phosphorylation and the combination of 100 ng/ml WNT3A and 10 ng/ml BMP4 resulted in levels of SMAD1/5 phosphorylation that exceeded those seen in EBs treated with either factor alone and was comparable to the SMAD1/5 phosphorylation observed in EBs formed in 30 ng/ml BMP4. Collectively, these results suggested that enhanced BMP4 signaling might be in part responsible for the synergistic activity of WNT3A during BMP4-induced hESC differentiation. However, the fact that WNT3A alone was unable to efficiently induce MIXL1 expression also indicated that signaling involving SMAD1/5 intermediates was not sufficient for robust mesoderm induction. Given that transforming growth factor (TGF)-β family proteins also signal via MAPK pathways in a SMAD-independent fashion ([@bib5]), we examined the effects of ERK and p38 inhibition on the induction of MIXL1-GFP by BMP4 and WNT3A/BMP4. Interestingly, while inhibition of ERK by U0126 reduced the frequency of MIXL1-GFP^+^ cells, differentiation was augmented by inhibiting p38 MAPK with SB203580 ([Figure 1](#fig1){ref-type="fig"}G).

A recent report suggested that treatment with WNT3A primed cells to primitive endoderm in mouse ESCs and enhanced visceral endoderm differentiation ([@bib33]). In order to determine whether a similar situation existed in hESCs, we compared the transcriptional profiles of the small percentage of GFP^+^ cells that could be isolated from MIXL1-GFP hESCs differentiated in WNT3A for 4 days with the gene expression patterns of GFP^+^ cells sorted from parallel cultures stimulated by a combination of WNT3A/BMP4 ([Figures S2](#app3){ref-type="sec"}A--S2C). Consistent with the reported mouse ESC data, we observed enhanced expression of endodermal genes such as *FOXA1*, *FOXA2*, *SOX17*, *CCKBR*, *APOA2*, and *CXCR4* in the WNT3A-induced GFP^+^ cells, while the GFP^+^ cells purified from the WNT3A/BMP4 cultures expressed higher levels of primitive streak and mesoderm associated genes ([Figure S2](#app3){ref-type="sec"}C; [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}).

Time-course analysis indicated that MIXL1-GFP hESCs differentiated in APEL supplemented with the combination of WNT3A and BMP4 more rapidly gained GFP and PDGFRα expression and more rapidly lost E-CADHERIN expression compared with cells treated with BMP4 alone ([Figures 2](#fig2){ref-type="fig"}A, 2B, and [S3](#app3){ref-type="sec"}A). In the examples shown, differentiation proceeded rapidly and the accelerated onset of PDGFRα and MIXL1 expression and the loss of surface E-CADHERIN were evident by days 2 and 3 of differentiation. These conditions did not induce significant expression of surface CXCR4, a marker often used as an early indicator of endodermal differentiation. In addition to the synergy observed between WNT3A and BMP4 in enhancing the rate of mesoderm formation, d4 EBs formed in WNT3A/BMP4 containing medium were 2-to 3-fold larger, suggesting that WNT3A contributed to increased proliferation or decreased cell death ([Figures 2](#fig2){ref-type="fig"}C and [S3](#app3){ref-type="sec"}B).

We disaggregated d4 EBs and flow-sorted populations on the basis of E-CADHERIN and MIXL1-GFP expression ([Figures 3](#fig3){ref-type="fig"}A, 3B and [S4](#app3){ref-type="sec"}). Day 4 EBs formed in WNT3A/BMP4-containing medium included a larger percentage of cells with a more mature phenotype (E^−^G^+^) than was observed in EBs differentiated in BMP4. Comparison of transcriptional profiles of the sorted cell populations revealed that genes expressed by corresponding fractions were very similar in both the BMP4- and WNT3A/BMP4-treated EBs, consistent with the notion that WNT3A primarily accelerated the differentiation observed with BMP4 alone ([Figures 3](#fig3){ref-type="fig"}C--3E and [S5](#app3){ref-type="sec"}A--S5H). Examination of the transcription factors whose expression was most highly upregulated in the WNT3A/BMP4 E^−^G^+^ cells revealed that they were primitive streak or posterior mesodermal genes that were frequently expressed at a similar level in the corresponding BMP4 sorted fraction ([Figure 3](#fig3){ref-type="fig"}F).

Of the small number of genes whose transcription differed by ≥3-fold between the two treatment groups (39, 51, and 93 out of 48,701 probe sets for E^+^G^−^, E^+^G^+^, and E^−^G^+^ fractions) ([Figure 3](#fig3){ref-type="fig"}G), most were upregulated in the WNT3A/BMP4-treated EBs (37, 43, and 61 probe sets, respectively). In the GFP^+^ fractions, these included transcripts for the WNT8 inhibitor *RGS4* and for genes associated with anterior lateral and paraxial mesoderm, such as *ACTC1*, *CDX2*, *LHX8*, *C6ORF32*, and *LUM*, consistent with the role of WNT signaling in cardiac and somitic differentiation ([@bib3]; [@bib8]) ([Tables S3](#mmc4){ref-type="supplementary-material"} and [S4](#mmc5){ref-type="supplementary-material"}).

We compared the frequency of hematopoietic blast colony forming cells (Bl-CFCs) in d4 EBs cultured in BMP4 alone and in WNT3A/BMP4. We have previously demonstrated that these mesodermally derived precursors displayed the capacity to differentiate into erythroid cells, endothelium, and smooth muscle ([@bib4]; [@bib46]), similar to results in mouse and human ESCs reported by other laboratories ([@bib2]; [@bib14]) and to hemangioblasts isolated from the mouse embryo ([@bib9]). Examination of their hematopoietic potential revealed that d4 EBs formed in WNT3A/BMP4 medium generated Bl-CFCs at a slightly higher frequency than those differentiated in BMP4 alone (49 ± 12 and 27 ± 11 Bl-CFC/10^4^ d4 EB cells, respectively), although the differences were not statistically significant ([Figures 4](#fig4){ref-type="fig"}A and 4B). Since they were cultured in MC supplemented with erythropoietin (EPO), most blast colonies contained a predominance of primitive erythroid cells ([Figure 4](#fig4){ref-type="fig"}A). Given their larger size, these data suggested that d4 EBs formed in WNT3A/BMP4 generated ∼5-fold greater number of Bl-CFCs per input hESC than those differentiated in BMP4 alone. Most Bl-CFCs were found in the MIXL1-GFP^+^ fractions as expected ([@bib4]), with the highest frequency and greatest proportion in the E^−^G^+^ population ([Figures 4](#fig4){ref-type="fig"}B and 4C). In d4 WNT3A/BMP4 cultures, nearly 20% of the Bl-CFCs were localized to the most differentiated MIXL1-GFP dim (E^−^G^d^) cells, a population not present in BMP4-only-treated cultures at that time. To test the hypothesis that the combination of WNT3A/BMP4 accelerated the generation of hematopoietic mesoderm, we performed experiments to examine Bl-CFC frequency at d2 and d3 of differentiation. While the maximal frequency of Bl-CFC in BMP4-induced cultures was seen at d3 of differentiation, inclusion of WNT3A accelerated the generation of these precursors such that maximal frequency was observed earlier, after just 2 days ([Figure 4](#fig4){ref-type="fig"}D).

To determine whether the WNT3A/BMP4 combination ultimately generated a greater frequency of more mature hematopoietic cells and progenitors, we analyzed d4 EBs that had been cultured for a further 7--9 days in medium supplemented with BMP4, vascular endothelial growth factor (VEGF), stem cell factor (SCF), interleukin (IL)-3, and EPO ([Figures 5](#fig5){ref-type="fig"}A--5C). In cultures initiated in either no growth factor or WNT3A alone, only small numbers of hematopoietic or endothelial cells were generated, as evidenced by a low percentage of cells expressing CD31, CD34, and CD45 and the detection of infrequent hematopoietic CFCs in methylcellulose ([Figures 5](#fig5){ref-type="fig"}A--5C). Conversely, a much higher percentage of hematopoietic cells were generated in cultures initiated in BMP4, and the inclusion of WNT3A further enhanced hematopoietic differentiation. Although the proportion of CD31^+^ and CD34^+^ was similar in cultures initiated in the presence of WNT3A/BMP4 or BMP4, the frequency of CD45^+^ cells and CFCs were consistently higher in WNT3A/BMP4-treated EBs ([Figures 5](#fig5){ref-type="fig"}B and 5C). Thus, the synergy between WNT3A and BMP4 during the first 4 days of EB differentiation and mesoderm formation resulted in an augmented generation of hematopoietic cells a week later, underscoring the importance of WNT signaling at the earliest commitment steps during hESC-derived hematopoiesis.

Because many growth factors function in a context-dependent manner, we explored the effects of adding WNT3A to the MC on the growth of Bl-CFCs. In cultures containing a combination of hematopoietic growth factors (VEGF, SCF, IL-3, IL-6, thrombopoietin \[TPO\], EPO, and FLT3L), 0.2%--0.6% of cells derived from EBs differentiated with BMP4 or WNT3A/BMP4 generated Bl-CFC colonies at d4 ([Figures 6](#fig6){ref-type="fig"}A--6D). Strikingly, addition of WNT3A to the methylcellulose dramatically reduced the frequency of hematopoietic blast colonies and instead supported the growth of compact, mesodermal colonies, termed "mesospheres," at a similar frequency (0.4%--0.6%) to that observed for Bl-CFCs ([Figures 6](#fig6){ref-type="fig"}A, 6B, 6E--6G, [S6](#app3){ref-type="sec"}A, and S6B). However, because mesospheres and blast colonies required mutually exclusive culture conditions, it was not possible to determine if they arose from common progenitor. We also demonstrated that the effects of adding WNT3A to the methylcellulose could be replicated with (2′Z,3′E)-6-bromoindirubin-3′-oxime (BIO), a canonical WNT signaling agonist that inhibits GSK3 ([Figures S7](#app3){ref-type="sec"}A and S7B).

Gene profiling revealed that the WNT3A- and BIO-induced mesospheres contained cells that expressed early mesodermal genes such as *FOXF1*, *MEOX1*, *PDGFR*, *HAND1*, and *SNAI2* and were highly enriched for transcripts associated with chondrocyte and bone differentiation, such as *DLK1*, *LUM*, *MGP*, *COL15A1*, *COL3A1*, *FRZB*, *ITGA5*, and *CDH11* as well as many other extracellular matrix (ECM) proteins ([Figure 7](#fig7){ref-type="fig"}A; [Table S5](#mmc6){ref-type="supplementary-material"}). Notably, several ECM proteins upregulated in WNT and BIO mesospheres (*TNC*, *DCN*, and *FMOD*) were recently shown to be highly expressed in OP9 cells engineered to constitutively express WNT3A ([@bib10]). The gene expression profiles of WNT and BIO mesospheres were very similar, with 689/979 (∼70%) of the probe sets upregulated in BIO mesospheres also upregulated in WNT mesospheres ([Figures S7](#app3){ref-type="sec"}C and S7D; [Table S5](#mmc6){ref-type="supplementary-material"}).

These gene expression profiles suggested nonhematopoietic mesodermal lineage potentials for the mesospheres. Indeed, we subsequently demonstrated that the mesospheres could differentiate toward adipocyte (marked by oil red O droplets and expression of FABP-4), osteoblast (marked by the formation of alizarin red aggregates and OSTEOCALCIN expression), and smooth muscle (marked by smooth muscle actin \[SMA\] expression) lineages ([Figures 7](#fig7){ref-type="fig"}B--7G). Whether the mesospheres contained multipotent progenitors or lineage restricted precursors for additional mesenchymal lineages remains to be determined.

Discussion {#sec3}
==========

We explored the role of WNT signaling during hematopoietic differentiation from hESCs in APEL medium, identifying distinct activities at different stages of differentiation. First, WNT was required for the induction of mesoderm, an outcome anticipated from prior published literature, including our own studies in differentiating mouse ESCs ([@bib7]; [@bib11]; [@bib17]; [@bib28]; [@bib44]). We confirmed the requirement for BMP and NODAL signals in mesoderm differentiation and demonstrated that inhibition of ERK and p38 MAP kinases mediated inhibitory or stimulatory signals, respectively, downstream of BMP4 that impacted on MIXL1-GFP expression. Our observation that ERK inhibition reduced mesoderm induction by BMP is consistent with the finding of Zhang and colleagues, who demonstrated BMP4-mediated ERK activation suppressed neural differentiation of mouse ESCs ([@bib47]).

Studies have shown that BMP4-induced ERK phosphorylation was required in other cellular contexts, including BMP4-dependent capillary sprouting in HUVECs and stabilization of Runx2 expression during osteoblast differentiation of C2C12 cells ([@bib12]; [@bib48]). Similar to our findings, opposing actions of ERK and p38 MAPK were reported for other mesodermal lineages. For example, ERK inhibition enhanced chondrogenesis in chick limb bud mesenchyme, while p38 inhibition had the opposite effect ([@bib32]). Similarly, BMP4-stimulated generation of VEGF in mouse osteoblast-like MC3T3-E1 cells was reduced in the presence of p38 inhibition but was unaffected by blocking ERK ([@bib36]).

Although WNT3A in isolation was a poor mesoderm inducer in hESCs differentiated in APEL medium, it synergized with BMP4 to efficiently induce MIXL1-GFP^+^ mesoderm, increasing the yield of Bl-CFCs and hematopoietic CFCs. Our data complement studies in which specific roles for BMP and WNT signaling during the formation of hematopoietic mesoderm from mouse ESCs were identified ([@bib7]; [@bib11]; [@bib17]; [@bib31]). In contrast to our findings, a number of studies have demonstrated that primitive streak induction in differentiating mouse ESCs could be mediated by WNT3A alone ([@bib7]; [@bib11]; [@bib31]). While there may be differences between mouse and human ESC differentiation, we speculate that this discrepancy may reflect the influence of components of mouse ESC differentiation medium that are absent from APEL (such as BMP-like activity associated with serum or BSA). This hypothesis is consistent with the observed reduction in the hematopoietic-inducing activity of WNT3A by the BMP antagonist NOGGIN when human ESCs were differentiated in BSA-based medium ([@bib43]).

The synergy between WNT3A and BMP4 in the generation of human hematopoietic cells was consistent with the observations that BMP4 induced ventral-posterior mesoderm and subsequently directed mesodermal cells toward a blood fate by activating WNT3A signaling and *Cdx* gene expression in mouse ESCs ([@bib17]). Similarly, Nostro et al. showed that BMP4 had a strong posteriorizing effect on mesendodermal progenitors ([@bib31]), an effect that was likely to promote the generation of hematopoietic progenitors. Our study complements this work, showing that synergy between WNT3A and BMP during mesoderm induction enhanced the subsequent formation of hematopoietic progenitors through an increased rate of differentiation toward MIXL1^+^ mesendoderm and by an increase in cell numbers within EBs.

Other studies have examined the role of noncanonical and canonical WNT signaling during different stages of hematopoietic development from human pluripotent stem cells. Woll and colleagues examined the influence of WNT1, WNT5, and the WNT inhibitor, DKK1, on hematopoietic development from hESCs ([@bib44]). Using stromal cell coculture, they demonstrated that hematoendothelial precursors were suppressed by DKK1, while their development was accelerated following exposure to WNT1, but not WNT5. The results of their study suggested that canonical but not noncanonical signaling supported the development of a hemogenic precursor, but did not specifically address the stage of differentiation at which the WNT signaling was required ([@bib44]). Our results, indicating synergy between canonical WNT and BMP4 signaling in the generation of hemangioblasts, are consistent with these data.

Conversely, results from a second study examining hematopoietic development from hESCs argued that noncanonical signaling by WNT11 was important in guiding hESC differentiation toward mesoderm, while canonical signaling mediated by WNT3A acted only later in differentiation to promote proliferation of hematopoietic progenitors ([@bib40]). This latter observation is consistent with studies demonstrating a regulatory role of canonical WNT signaling on hematopoietic stem and progenitor cells in mouse bone marrow ([@bib24]; [@bib38]). Indeed, recent studies examining factors regulating hematopoietic regeneration in the zebrafish and mouse demonstrated the requirement for both BMP and WNT signals ([@bib37]).

Although it is difficult to readily reconcile all the findings from these studies, the data could be interpreted to suggest that there may be several windows during which WNT signaling differentially affects hematopoietic development. First, we have shown that the early addition of WNT3A synergistically expanded and accelerated the development of BMP4-induced hematopoietic mesoderm, but that the clonal growth of hemangioblast colonies required the removal of WNT3A. This is analogous to the sequential roles of WNT during cardiogenesis elucidated in vertebrate embryos and differentiating mouse and human ESCs ([@bib27]; [@bib39]). Second, canonical WNT signaling promotes the growth of hematopoietic stem cells and committed hematopoietic progenitors, both during development and in the adult. Finally, the complexity of WNT interactions influencing hematopoiesis is increased by recent data that indicate that WNT signaling also impacts on the bone marrow stromal niche, inducing secretion of a range of mediators that influence hematopoietic stem and progenitor activity ([@bib10]).

Concomitant with its suppressive effect on blast colony formation, the inclusion of WNT3A, or the WNT agonist BIO, in methylcellulose cultures promoted the emergence of colonies we termed "mesospheres" ([Figure 7](#fig7){ref-type="fig"}H). These colonies were capable of osteogenic, adipogenic, and smooth muscle differentiation and were enriched for mesoderm markers including *APLNR*, *PDGFRA*, *PDGFRB*, *FOXF1*, *HAND1*, *SNAI2*, and *CDH11*, reminiscent of the mesenchymal stromal cells (MSCs) differentiated from hESCs reported by a number of laboratories ([@bib13]). In contrast to mesospheres, that emerged in serum-free MC in response to WNT3A, most hESC-MSCs were derived in medium supplemented with serum or serum replacer plus FGF2.

It is interesting to speculate on the relationship between mesosphere-forming cells and a mesoderm-derived precursor cell, the mesenchymoangioblast, that gives rise to endothelium and mesenchymal stem cells ([@bib34]; [@bib41]). Interestingly, formation of mesenchymal cells was inhibited by VEGF, which has been postulated to block the necessary endothelial-mesenchymal transition (EndMT) ([@bib26]; [@bib34]). In contrast, mesosphere development in methylcellulose cultures occurred in the presence of VEGF. A plausible hypothesis linking the WNT3A dependence of mesospheres with the prior findings of Slukvin and colleagues, is that WNT3A stimulated the endothelial-mesenchymal transition from a mesenchymoangioblast-derived VEGF-dependent angiogenic precursor, thus overcoming the inhibitory effect of VEGF on EndMT. There is evidence for involvement of WNT signaling in both epithelial-mesenchymal transitions ([@bib45]) and EndMT ([@bib42]), with canonical WNT signaling required for the endocardial-mesenchymal transition during endocardial cushion formation in mice ([@bib18]). However, an alternative hypothesis would postulate that mesospheres represent the expanded progeny of a distinct mesenchymal progenitor cell that did not pass through an endothelial precursor stage.

In summary, our data demonstrate that modulation of the timing of WNT signaling plays a critical role in the genesis of the hematopoietic system and the formation of other mesodermal derivatives. It will be of interest to determine whether this temporally dependent action of WNT involves altering the fate of a common precursor or the selection specific progenitors from a pool of cells with a spectrum of different potentials.

Experimental Procedures {#sec4}
=======================

The experiments using human embryonic stem cells performed in this study were approved by the Monash University Human Research Ethics Committee (2002/225MC).

Cell Culture, Differentiation, and Flow Cytometric Analysis {#sec4.1}
-----------------------------------------------------------

MIXL1-GFP reporter lines (HES3 *MIXL1*^*GFP/w*^ and MEL1 *MIXL1*^*GFP/w*^) were passaged as previously described ([@bib4]) and differentiated as spin EBs in APEL medium ([@bib30]) supplemented with growth factors or inhibitors as indicated in the [Supplemental Experimental Procedures](#app3){ref-type="sec"}. Methylcellulose (MC) hematopoietic colony-forming assays were performed in serum-free MC as described ([@bib30]). For hematopoietic differentiation cultures, d4 EBs were cultured for 7--9 days on gelatinized 6-well dishes in AEL medium ([@bib30]) containing growth factors as listed in the [Supplemental Experimental Procedures](#app3){ref-type="sec"}. Flow cytometric analysis (FACSCalibur BD) and cell sorting (FACSDiva BD) employing the antibodies listed in the [Supplemental Experimental Procedures](#app3){ref-type="sec"} was performed as described ([@bib4]).

Western Blotting and Global Gene Expression {#sec4.2}
-------------------------------------------

Nuclear extraction and western blotting were performed as described ([@bib19]) using antibodies listed in the [Supplemental Experimental Procedures](#app3){ref-type="sec"}. Total RNA (RNeasy kit, QIAGEN) was amplified, labeled, and hybridized to Human WG-6v2.0 Sentrix or HT-12v3 BeadChips (Illumina) by the Australian Genome Research Facility (<http://www.agrf.org.au/>). Data were analyzed with Beadstudio Gene Expression Module v3.4 (Illumina) using average normalization across all samples and differential expression analysis using GeneSpring GX10 (Agilent Technologies).

Mesenchymal Differentiation {#sec4.3}
---------------------------

Colonies formed in MC cultures supplemented with 100 ng/ml WNT3A or 5 μM (2′Z,3′E)-6-bromoindirubin-3′-oxime (BIO) (Calbiochem) were assayed for osteogenic and adipogenic potential using the Human Mesenchymal Stem Cell Functional Identification Kit (R&D Systems) according to the manufacturer's instructions. Cells generated using this assay were analyzed by immunofluorescence using anti-SMA (BD Biosciences), anti-OSTEOCALCIN, and anti-FABP-4 antibodies (R&D Systems), the histochemical stain alizarin red, and lipophilic dye oil red O (Sigma-Aldrich).

Accession Numbers {#app1}
=================

The Array Express (<http://www.ebi.ac.uk/arrayexpress/>) accession number for the microarray data reported here is E-MEXP-2495.

Supplemental Information {#app3}
========================

Document S1. Figures S1--S7 and Supplemental Experimental ProceduresTable S1. Average Probe Signals in 224 Probe Sets Differing \>5.0-Fold in WNT3A (W) GFP+ versus d0 hESC, Related to Figure 1Table S2. Average Probe Signals in 346 Probe Sets Differing \>5.0-Fold in WNT3A/BMP4 (WB) GFP+ versus d0 hESC, related to Figure 1Table S3. Average Probe Signals from the 51 Probe Sets Differing More Than 3-Fold in Day 4 WNT3A/BMP4 (WB) E+G+ versus BMP4 (B) E+G+ EBs, Related to Figure 3Table S4. Average Probe Signals of the 93 Probe Sets Differing More Than 3-Fold in Day 4 WNT3A/BMP4 (WB) E-G+ versus BMP4 (B) E-G+ EBs, Related to Figure 3Table S5. Average Probe Signals and Fold Change of the 689 Probe Sets Upregulated ≥3-Fold in Both WNT3A and BIO Mesospheres Compared to Undifferentiated hESCs, Related to Figure 7
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![WNT3A Synergizes with BMP4 to Induce Mesoderm\
(A) Bright-field and epifluorescence images showing MIXL1-GFP expression in d4 EBs formed in WNT3A/BMP4 (WB) and BMP4 (B) but not in WNT3A alone (W). Scale bar, 200 μm.\
(B) Representative flow cytometric profiles of E-CADHERIN and MIXL1-GFP expression in d4 EBs differentiated in APEL medium supplemented with no growth factors (N), WNT3A (W), BMP4 (B), or WNT3A/BMP4 (WB) as indicated. The percentage of cells in each quadrant is shown in upper right of each panel.\
(C) Histogram representing the mean frequency of MIXL1-GFP, E-CAD, and PDGFRα-expressing cells assayed by flow cytometry at d4 in EBs formed in the indicated growth factors. Data represent the mean ± SEM from 7 to 12 independent experiments. B and WB groups were compared using Student's t test. ^\*^p \< 0.01; ^\*\*^p \< 0.001.\
(D) Histogram representing the mean frequency of MIXL1-GFP-expressing cells assayed at d4 in EBs formed in BMP4 with or without WNT3A and NOGGIN (300 ng/ml), SB431542 (4 μM), FZD8 (2 μg/ml), or DKK1 (1 μg/ml). Data represent the mean ± SEM from three to five independent experiments. Groups with and without inhibitor were compared using Student's t test. ^\*^p \< 0.05; ^\*\*^p \< 0.01.\
(E) Heatmap showing mean signal intensity of BMPs, NODAL, and WNTs in d4 EBs differentiated in the indicated growth factors. The scale in arbitrary units is shown.\
(F) Western blot examining the phosphorylation of SMAD1/5 in hESCs treated for 30 min with the growth factor combinations shown. Blots were probed with anti-β-actin antibodies to indicate that equal amounts of protein were loaded in each track. N, no growth factors; W, WNT3A; B, BMP4; WB, WNT3A/BMP4; P-SMAD 1/5, SMAD 1/5 phosphorylated on Ser463/465.\
(G) Histogram representing the mean frequency of MIXL1-GFP-expressing cells assayed at d4 in EBs formed in BMP4 with or with out WNT3A and the ERK inhibitor, U0126 (10 μM) or the p38 inhibitor, SB203580 (10 μM). Data represent the mean ± SEM from three independent experiments. Groups with and without inhibitor were compared using Student's t test. ^\*^p \< 0.05.\
See also [Figures S1](#app3){ref-type="sec"}, [S2](#app3){ref-type="sec"}, and [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}.](gr1){#fig1}

![WNT3A Accelerates BMP4-Dependent Mesoderm Differentiation and Enhances EB Size\
(A) Representative flow cytometry profiles showing the percentage of MIXL1-GFP^+^, E-CAD^+^, CXCR4^+^, and PDGFRα^+^ cells in d4 EBs differentiated in APEL medium supplemented with the indicated growth factors. These profiles form part of the time-course experiment shown in (B). The fraction of cells present in each quadrant is indicated.\
(B) Graphical representation of flow cytometry data showing the percentage of MIXL1-GFP^+^, E-CAD^+^, and PDGFRα^+^ cells in EBs differentiated in APEL medium supplemented with the growth factors indicated at different time points. The concentration of growth factors in ng/ml is indicated. Data are shown from one representative experiment, with an independent example shown in [Figure S3](#app3){ref-type="sec"}A.\
(C) Histogram representing the mean cell number per EB at d4 in cultures induced with the growth factor combinations indicated. Data represent the mean ± SEM from five independent experiments. Groups were compared using Student's t test. ^\*^p \< 0.05.\
N, no growth factors; W, WNT3A; B, BMP4; WB, WNT3A/BMP4. See also [Figure S3](#app3){ref-type="sec"}.](gr2){#fig2}

![Transcriptional Profiles Confirm Accelerated Differentiation in WNT3A/BMP4 EBs\
(A) Flow cytometry plots showing the position of gates used for sorting experiments based on E-CADHERIN and MIXL1-GFP expression in d4 EBs differentiated in APEL medium supplemented with BMP4 (B) and WNT3A/BMP4 (WB). The percentage of cells falling into each quadrant is shown.\
(B) Histogram showing the mean percentage of cells in E-CADHERIN- (E) and MIXL1-GFP- (G) expressing populations. Data represent the mean ± SEM from four independent experiments. B and WB groups were compared using Student's t test. ^\*^p \< 0.05.\
(C--E) Comparison of transcriptional profiles of sorted cell populations shown in (A) and (B) derived from BMP4- and WNT3A/BMP4-stimulated cultures. Enhanced dots outside the parallel red lines indicate probe sets differing by ≥3-fold from the mean.\
(F) Heatmap showing the expression of transcription factors upregulated in d4 WNT3A/BMP4 E^−^G^+^ cells. These primitive streak or posterior mesodermal genes were frequently expressed at a similar level in the corresponding BMP4 sorted fraction. The scale for mean signal intensity in arbitrary units is shown.\
(G) Venn diagram illustrating the overlap between the differentially expressed probe sets in the sorted populations identified in (C)--(E). The genes recognized by the E^−^G^+^ and E^+^G^+^ probe sets and their level of expression are listed in [Tables S3](#mmc4){ref-type="supplementary-material"} and [S4](#mmc5){ref-type="supplementary-material"}.\
See also [Figures S4](#app3){ref-type="sec"} and [S5](#app3){ref-type="sec"}.](gr3){#fig3}

![WNT3A Positively Influences Hematopoietic Development\
(A) Representative images showing hemangioblast colonies in methylcellulose cultures derived from d4 EBs formed in APEL medium supplemented with BMP4 (B) or WNT3A/BMP4 (WB). Scale bar, 100 μm.\
(B) Histogram showing the mean frequency of hemangioblast colony-forming cells (Bl-CFCs) in methylcellulose cultures seeded with cells from B and WB unsorted populations and the indicated sorted fractions.\
(C) Percentage of the Bl-CFCs that fall within each sorted fraction.\
(D) Histogram showing the mean frequency of Bl-CFCs in methylcellulose cultures seeded with cells from B and WB unsorted populations after 2 or 3 days of differentiation. Data in (B)--(D) represent the mean ± SEM from three to four independent experiments. Paired B and WB groups (B--D) were compared using Student's t test. Asterisks indicate samples in which statistically significant differences in Bl-CFC frequency between B and WB differentiated cultures were observed (p \< 0.05 in B and p \< 0.01 in D).](gr4){#fig4}

![WNT3A Synergizes with BMP4 to Enhance Generation of Hematopoietic Progenitor Cells\
(A) Representative flow cytometry profiles comparing the expression of CD31, CD34, and CD45 in d11 cultures derived from d4 EBs formed in the presence of the indicated growth factors. Cultures were supplemented with VEGF and SCF and received additional BMP4, VEGF, SCF, IL-3, and EPO from d4, as outlined in [Table S1](#mmc2){ref-type="supplementary-material"}. Immunoglobulin (Ig)G-APC and IgG-PE represent the isotype control staining. The percentage of cells falling within each region is shown.\
(B) Histograms summarizing data examining the percentage of cells positive for each antibody at d11--d13 of differentiation. Data represent the mean ± SEM from three independent experiments. Analysis using one-way ANOVA with Bonferroni post test indicated that cultures treated with different combinations of WNT3A and BMP4 growth factors differed significantly as measured by the percentage of cells expressing CD31 (p \< 0.01), CD34 (p \< 0.005), and CD45 (p \< 0.05).\
(C) Frequency of hematopoietic CFCs in methylcellulose cultures seeded with cells at d11--13 differentiated under the indicated growth factor conditions (n = 3 independent experiments). The mean CFC frequencies were significantly different between culture groups (p \< 0.05), using one-way ANOVA with Bonferroni post test.](gr5){#fig5}

![WNT3A Addition to Methylcellulose Cultures Suppresses Hematopoiesis and Promotes Mesodermal Colony Development from d4 EBs\
(A) Frequency of hematopoietic Bl-CFCs in methylcellulose cultures containing hematopoietic growth factors with (+) or without (−) WNT3A addition to the methylcellulose. Cultures were seeded with cells derived from d4 EBs from the HES3-MIXL1^GFP/w^ hESC line grown without added growth factors (N), or in the presence of WNT3A (W), BMP4 (B), or WNT3A/BMP4 (WB).\
(B) Colony frequency was normalized to methylcellulose cultures supplemented with hematopoietic growth factors alone, demonstrating the suppressive effect of WNT3A. Data in (A) and (B) represent the mean ± SEM of four independent experiments. WNT3A (+) and (−) groups in (B) were compared using Student's t test. ^\*^p \< 0.01; ^\*\*^p \< 0.001.\
(C and D) Bright-field images showing the morphology of hemangioblast colonies formed in (C) BMP4-and (D) WNT3A/BMP4-stimulated d4EBs that were disaggregated and cultured with hematopoietic growth factors (see [Table S1](#mmc2){ref-type="supplementary-material"}). Scale bar, 100 μM.\
(E and F) Bright-field images of nonhematopoietic mesodermal colonies (mesospheres) formed in methylcellulose cultures supplemented with WNT3A. Cysts (F) were frequently observed. Scale bar, 200 μm.\
(G) Frequency of hematopoietic blast colonies (Bl-CFC) and mesospheres (Meso) from EBs grown in the presence of either BMP4 (B) or WNT3A/BMP4 (WB) for 4 days that were subsequently disaggregated and cultured in methylcellulose containing hematopoietic growth factors with (+) or without (−) WNT3A addition to the methylcellulose. Results from representative experiments using HES3- and MEL1-MIXL1^GFP/w^ cell lines are shown. See also [Figures S6](#app3){ref-type="sec"} and [S7](#app3){ref-type="sec"}.](gr6){#fig6}

![WNT3A-Induced Mesospheres Differentiate to Osteogenic, Adipogenic, and Smooth Muscle Lineages\
(A) Heatmap showing that WNT3A- and BIO-induced mesospheres were enriched for transcripts associated with chondrocyte and bone differentiation. The expression of most of these genes differed in sorted d4 WNT3A/BMP GFP^+^ and GFP^−^ fractions. The scale in arbitrary units is shown.\
(B--G) Immunocytochemical and histochemical analysis of WNT3A-induced mesodermal colonies recultured and subjected to mesenchymal stem cell differentiation toward osteogenic and adipogenic fates. FABP-4 (B) and oil red O (G) reactivity confirmed adipogenic potential and osteogenic potential was confirmed by expression of OSTEOCALCIN (C, arrows) and alizarin red staining (F). The presence of smooth muscle was shown by SMA immunoreactivity (D). (E) IgG control for (B)--(D). Scale bars, 50 μM (B and D), 100 μM (C and G), and 200 μM (E and F).\
(H) Model illustrating that the effects of WNT3A during mesoderm differentiation depend on the time of exposure. WNT3A synergizes with BMP4 to increase mesodermal differentiation. Methylcellulose cultures from BMP4- and WNT3A/BMP4-induced EBs stimulated with VEGF without addition of WNT3A or BIO form hemangioblast colonies, while cultures with WNT3A or BIO do not form hematopoietic colonies, but form mesospheres capable of differentiation toward bone, fat, and smooth muscle.\
See also [Table S5](#mmc6){ref-type="supplementary-material"}.](gr7){#fig7}
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